Red yeast strains are ubiquitous microorganisms which accumulate substantial amounts of lipids and lipid-soluble metabolites. Red yeasts utilize many waste substrates of different origin. In this work red yeasts strains (Rhodotorula, Sporobolomyces, Cystofilobasidium) were used for screening of growth and metabolic activity. As a carbon source waste animal fat and its hydrolysis products were used. Hydrolysis of animal fat was tested in alkaline as well as acidic conditions. As the substrate glucose (control), glycerol, crude animal fat, acid fat hydrolyzate and hydrolysate: glucose 1:2 were used. Screening of growth and metabolic activity of red yeasts was performed by flow cytometry. Extracellular lipase production was monitored as adaptation mechanism. Carotenoids, ergosterol and ubiquinone were quantified by HPLC/PDA/MS/ESI and the biomass was evaluated gravimetrically.
Introduction
Animal fats are produced via rendering, the process in which the slaughtered animal fat by-products are converted into marketable products, including edible and inedible animal fats for food, agricultural, and industrial use. In Europe, approximately 16 million tonnes of animal fat by-products are processed annually by fat processors and renderers, where Germany, France, UK, and Spain are the main processing countries (1) .
According to the ABPR (1069/2009) and the implementation regulation 142/2011, animal fat by-products are defined as either category 1 or category 2 material (1,2). The category 1 fat material consists mainly of specified risk material but includes also animal fat by-products contaminated with environmental contaminants. The category 2 material comprises condemned slaughterhouse fat by-products and dead farm stock. As a result, category 1 material is only permitted for energy generation, while category 2 materials may be used for technical applications as well. According to the above regulations, category 3 material is fat exclusively derived from approved animals, such as slaughtered animals that fit for human consumption, while it is considered as an animal by-product not intended for human consumption (1) . According to the regulation, the category 3 fat has to be processed in conformance with rigorous production methods and sanitizing processing conditions. Therefore, the category 3 animal fats could be applied in the animal and fish feed chain and in the oleochemical industry. Further, due to expected growth of the meat production, an increase of the category 3 fat is expected (2) .
The fatty acid composition of fats determines the nutritional and economic value. Animal and aquaculture feeds need to supply the essential omega-3 and omega-6 fatty acids via the feed. This is general limited to polyunsaturated fatty acids linoleic (C18:2, n-6), alpha-linolenic acid (ALA C18:3, n-3), arachidonic (AA C20:4, n-6) and eicosapentanoic (EPA C20: 5) and in case of aquaculture feeds also docosahexanoic (DHA C22:6, n-3) (3). Animal fat is in general very low in polyunsaturated fatty acids (PUFAs) and it is high in C16:0, C18:0 and C18:1. Thus, today the minimum C18:2 (much more than C18:3) and C18:3 requirements are met by using fat rich grains in combination with plant oils (soybean, linseed oils) (4) .
Certain yeasts and filamentous fungi, referred as oleaginous, are capable to accumulate up to 85% (w/w) lipid as a storage compound of the biomass (5) . The complexity of fungi is accompanied by a corresponding diversity of lipid components. The oleaginous fungi accumulate lipids such as triacylglycerols (TAGs), which are generally considered as storage lipids (6) . Fatty acids of TAGs are very similar to fatty acids in plant oils, where saturated and monounsaturated fatty acids dominate, and some ω6-PUFAs are present. Fatty acids derived from fungal single cell oils represent the whole spectrum from high-volume/low price to low-volume/high price. Examples for high-volume/low price fatty acids are monounsaturated fatty acids and saturated fatty acids used as surfactants, soaps, resins, stabilizers, etc. Low-volume/high price PUFAs may achieve a high market value for the pharmacy and food industry. Currently, filamentous fungi are in industrial used for the healthy PUFAs production (7) .
Fungi are unique for utilizing a broad range of carbon sources including pentose sugars, variety of hydrophobic substrates and a large variety of nitrogen sources. For example, it has been shown that some species are capable of degrading lignocellulose and agricultural rest materials (rice straw, orange peels, and stillage of ethanol plants), wide range of hydrophobic rest materials (wastes of vegetable oil production, volatile fatty acids, animal rest materials) while producing a wide range of valuable metabolites (7) (8) (9) (10) (11) (12) (13) (14) (15) .
The production of single cell oils (SCOs) by fungi has been studied for several decades. Research and development of processes has so far been focused mainly on the utilization of simple sugars as substrates, while use of hydrophobic fat-based substrates has attracted attention just recently. Therefore, limited number of reports aimed to use of different fat materials for the production of high-value fungal lipids are nowadays available (8) (9) (10) (11) (12) (13) .
The main goal of present study is to study possible upgrading of category 3 fat and edible animal fat into PUFA-carotenoid rich fungal biomass/oils. In order to achieve the sustainable strategy for upgrading of animal fat from SAT-TAGs to PUFA-TAGs, the screening study of the oleaginous red yeasts suitable for upgrading of animal fat will be realized. Several animal fat processing technologies were tested and different fermentation strategies for PUFA-carotenoid rich fungal biomass production were used to evaluate process and product sustainability. 
Materials and Methods

Strains
Hydrolysis of animal fat
Two types of chemical hydrolysis were tested for animal fat hydrolysis and media preparation. Acid hydrolyses were done in two repetitions in various time intervals (18-72 hours) . Basic hydrolyses were done in two parallel analyses in various time ranges. After hydrolysis, glycerol was estimated as the main C source for utilization by yeasts, while limited amount of fatty acids could be used as well. Before hydrolysis, animal fat was dissolved in chlorophorm. The stock solution of concentration c = 0.428 g/ml was used with the aim to dissolve maximal amount of fat in minimal chlorophorm volume. In these experiments 150 g of fat was dissolved in 200 ml of chlorophorm (total volume cca 350 ml). Ratio of water: organic solvent mixture was 2:1, hydrolyses were done at laboratory temperature (21-22°C) and stirring at 800 rpm (revolutions per minute). Saponification with KOH was done at concentration ranges from 2.5% to 20 % for 24 and 48 hours.
Acid hydrolysis was carried out using sulfuric acid in concentration ranges of 1% to 20 % for the period of 18 to 72 hours in glass tubes shaked on shaker. Ammonium hydroxide was used as neutralizing agent. Thus, in aqueous phase (NH 4 ) 2 SO 4 as nitrogen source and free glycerol as a carbon source were obtained. Fatty acids were extracted from organic phase.
Cultivation of yeasts on lipid media
Yeast strains were cultivated on glucose medium (30 g/L), fat hydrolysate (acid; 30 g/L), crude animal fat (30 g/L) and on media containing mixture of fat/hydrolysate and glucose (1:2). Two-step inoculation was performed in Erlenmeyer flasks. Optimal inoculation medium (in g/L: glucose 40, (NH 4 ) 2 SO 4 ) 5, KH 2 PO 4 5, MgSO 4 ·7H 2 O 0.696, yeast extract 7) was used for first inoculation. The first inoculum (100 mL) was cultivated for 24 h at 28 °C under continuous lighting and shaking. Inoculum I was then transferred into 100 mL of fresh inoculum II, which was grown under the same conditions as inoculum I. After 24 h, inoculum II was transferred into Erlenmeyer flasks containing 100 mL of sterile production medium (control medium in g/L: glucose 30, (NH 4 ) 2 SO 4 ) 5, KH 2 PO 4 5, MgSO 4 ·7H 2 O 0.696, yeast extract 7). Cultivation was carried out at 28 °C, pH 5.5, constant stirring (800 rpm) and under permanent light exposure. Fat containing media and mixed media were composed from the same compounds. The total amount of C-source in all samples was 30 g/L. Cultivations were done in triplicates. As an initial screening, samples were collected after 96 hours of cultivation for gravimetric determination of biomass and determination of metabolites.
For drop test agar (20 g/L) was added into all media. Cultivation on agar medium was done at 28°C in thermostat under permanent lighting for 48-72 hours.
Flow cytometry
For rapid screening of growth and orientational analysis of metabolic activity flow cytometry was used (Apogee, USA) according to (16) If not specified, the results are introduced in arbitraty units. In the preliminary study detailed quantitative analysis of flow cytometry data was not performed because of screening character of experiments, unpredictable results and supposed low production of biomass and metabolites in most of strains (see Fig. 2 ). With regard to descriptive character of data and relative high differences no statictical analysis was done.
Analysis of yeast metabolites
Biomass
The produced biomass was evaluated gravimetrically according to (15, 17) .
Glycerol
Glycerol concentration was analysed by RP/HPLC according to (15) .
Lipid soluble metabolites
Carotenoids, ergosterol and ubiquinone were quantified by simultaneous HPLC/PDA/MS/ESI After finishing cultivations samples were collected for extraction and analysis of yeast metabolites. Samples were then centrifuged at 5000 RPM for 10 min (Sigma 3-15, Sigma Laborzentrifugen GmbH, Germany), washed in distilled water and centrifuged again. The pellet was afterwards resuspended in acetone and mechanically disrupted by pestle and mortar. After saponificantion by ethanolic solution of KOH at 90°C extraction by diethylether was performed and the extract was dryed on rotary evaporator. Dry extract was dissolved in 1-2 mL of UV-VIS grade ethanol. Samples were then filtered using 0.45 μm PTFE filters and 10 μl of each sample was injected onto column Kinetex C18 5 μm, 150 × 4.6 mm (Phenomenex, USA) with guard column 5 μm, 30 × 4.6 mm, both equilibrated to 45°C with methanol as elution solvent (flowrate 1 mL/min), on ThermoFinnigan Surveyor HPLC system. Xcalibur software was used for chromatography data analysis. Carotenoids content was evaluated as in (15, 18) .
Production of lipase
Activity of lipase was determined by colorimetry using p-nitrophenylpalmitate as a substrate. Lipase hydrolyzes this substrate to form yellow-coloured p-nitrophenol, which can be determined at 410 nm. Calibration curve of p-nitrophenol was constructed in the range of 0.005 to 0.05 mmol/l. Substrate strock solution (0.0135 g/100 mL) was stored at 4°C for no longer than 24 hours. The activity unit was expressed in nmol of product per ml of medium during 1 min.
Results
Fat hydrolysis
The effectiveness of hydrolysis was monitored by determination of glycerol concentration in hydrolyzate by HPLC/PDA.
Basic hydrolysis (saponification) lead to formation of glycerol and fatty acids salts. Hydrolysis yields after 24 hour of saponification reaction by 20% KOH ranged from 70 -75% and in 48 hour acid hydrolysis approximately 80%. Saponification exhibited high yields of hydrolysis. Saponification is quick method good for extraction and separation of fatty acids, but less suitable for microorganism cultivation, due to large salt concentrations in cultivation medium. Separation of fatty acids salts and glycerol from aqeous solution is rather complicated and may be relatively expensive in industrial scale. The duration of basic hydrolysis longer than 48 hours did not exhibite substantial effect on hydrolysis yields. At the 100% effectiveness of hydrolysis, amount of glycerol in pure fat is about 10%. Thus, the concentration of glycerol in hydrolyzate should be 50 -100 g/L, which is comparable to control cultivations.
The products of acid hydrolysis are glycerol and free fatty acids. The hydrolyzate should be neutralized before further use. The best yield of glycerol was obtained using 15% of sulfuric acid for 48 hours. The results were quite the same even with increasing concentrations of fat in samples. Acid hydrolysis is better for microorganism cultivation. Using ammonium hydroxide as neutralizing agent we obtain in aqeous phase (NH 4 )-2 SO 4 as nitrogen source and free glycerol as carbon source. Fatty acids can be easily extracted from organic phase.
For consequent cultivations acid fat hydrolyzates (30 g of fat/100 mL media) neutralized by ammonium sulphate were used in screening experiments.
Screening of growth and metabolic activity of red yeasts
For screening experiments 13 red yeast strains were used. Extreme differences in biomass production on glucose and fat were observed using flow cytometry experiments ( Fig. 2; expressed as cell count). In Fig. 2 are presented descriptive data of cultivation on crude animal fat and mixture of fat and glucose only. Cystofilobasidium genus seems to utilize fat into biomass most likely. In medium with sufficient glucose concentration yeasts can divide to higher degree. Using mixed substrate, any inhibition by some hydrolyzate/fat component can not be excluded.
Production of carotenoids (data not shown) was better in media with addition of glucose than in crude fat medium. S. shibatanus strain seems to be succesfull in all tested media. C. infirmominiatum utilized predominantly fat medium, production of pigments was quite high, similarly to biomass production.
Intracellular concentration of carotenoids (Fig. 2 , carotenoids per cell) surprisingly exhibited no dramatic differences between acumulation of carotenoids in mixed substrate medium and control medium. Accumulation in medium with fat only was around 50% of the values in control, which is substantially better result when with biomass production.
The production of total lipids monitored by FC was quite high in Shibatanus sp. in control and fat media, while cultivation in mixed substrate was not successful. Cystofilobasidium sp. produced lipids even if in media is any glucose. Only a few of Rhodotorula species provides good yields of lipids in crude fat medium.
Intracellular lipid concentration (Fig. 2 , lipids per cell) was very low in control medium with exception of one strain of R. 

Biomass production was monitored in 5 strains (see Table 2 ). The best biomass production was found in C. macerans (medium: fat hydrolyzate + glucose) and in S. glutinis. Results of Sporobolomyces sp. were the best in pure fat medium, while Cystofilobasidium produced lipids in medium with mixed substrate. Yeasts strains of both genus Sporobolomyces and Cystofilobasidium were successful producers of lipids in control media.
Growth and production properties of selected red yeast strains
Selected strains from general screening experiments (see Fig.  2 ) were repeatly cultivated in Erlenmeyer flasks to determine growth and metabolic activity in detail. Before cultivations, orientational drop test was performed on agar plates using all tested substrates including glycerol. Results of drop-tests of selected 6 red yeast strains (R. glutinis, R. mucilaginosa, C. capitatum, C. macerans, S.shibatanus, S. pararoseus) cultivated on glucose, glycerol, crude fat, acid hydrolyzate and mixture of acid hydrolyzate + glucose are docummented in Fig. 3 . All strains were cultivated for 48 hours at permanent lighting and 28°C.
The results indicate that red yeasts are able to utilize crude animal fat and products of its hydrolysis. Different utilization of glycerol vs. glucose can be observed as a typical example for strain specific stress response to glycerol concentration. Quite confusion results were obtained through indrop test performed with fat hydrolyzate alone; substantially lower values of biomass and produced metabolites were found also in following experiments in liguid medium.
Biomass production was further monitored in detail in 5 selected strains (see Table 2 ). The best biomass production was found in C. macerans (medium: fat hydrolyzate + glucose) and in S.shibatanus (medium: fat hydrolyzate + glucose). Relatively good results showed cultivations of all tested strains on a fat with the addition of glucose, while cultivation without glucose led to very low biomass formation.
The results introduced in Fig. 4 show that using fat substrate production of microbial pigments is possible. Moreover, in some strains production of total carotenoids and ergosterol in medium cintaining fat hydrolyzate and glucose (1:2) was increased. It can be concluded, that red yeasts are able to utilize crude animal fat and products of its hydrolysis. Different production of lipid soluble metabolite is caused probably by different utilization of glycerol vs glucose; previously strain specific stress response was observed (15) . Both S.shibatanus and C.macerans belong to oleaginous strains, because they are able to produce more than 20% of lipids per biomass (see Table 3 ).
All results obtained from 5 monitored strains undergone statistic analysis via two-way ANOVA test in IBM SPSS 23 which approved statistical significance at a probability level of p˂0.05. Therefore, the differences in achieved production of biomass on animal fat subterates can be considered as significant in between and across selected strains.
The best producers of biomass were analyzed for production of specific red yeast metabolites. The results are docummented in Fig. 4 .
S. shibatanus is probably the best for accumulation both carotenoids and lipids in fat media. A lot of fat remain in media after the end of cultivation. More nitrogen addition to fat media should be tested to provide more potential to growth. Addition of nitrogen led to more fat consumed and higher yields. Addition of non-toxic surfactant should be beneficial, too. Similarly to different adaptation to glycerol substrate, cultivation in media containing non-hydrolysed fat led to strain specific induction of lipase and utilization of crude fat. The highest increase of lipase production was observed in C. macerans and S. shibatanus (Fig. 5) . Statistical significance of different production of pigments and lipids was approved via twoway ANOVA test at a probability level of p˂0.05.
Yeasts were grown in glucose medium (30 g/L), fat hydrolyzate, fat hyrolyzate + glucose (1:2), crude fat medium (30 g/L) and crude fat + glucose (1:2 g/L). Lipase activity is expressed in nmol/ml.min.
Discussion
Technologies used for modifying lipids can be grouped into chemical and biological technologies. Depending on the purpose of lipid modification, different chemical methods have been developed. There are methods for separating different lipid fractions (fractionation), for producing lipid mixtures with improved properties (2) (blending) and for producing lipid products with a higher melting point (hydrogenation) (3). For changing triacylglycerol composition by rearranging of fatty acids and upgrading fat to a higher degree of unsaturation, interesterification is the most popular approach. Interesterifica- tion is performed by using alkoxide or enzymes (lipases) (4). The alkoxide-based interesterification process is not useful for feed or food production, since it produces randomly distributed fatty acid residues (2,5), while lipase-mediated upgradation leads to precisely structured triacylglycerols, which can be used in feed and food production processes. This process requires quite cheap equipment and produces less waste than alkoxide-based processes. Nevertheless, the commercial exploitation of lipase-mediated upgradation of the animal fats is limited, since the production of lipases is very costly (4). A new technology for upgrading fat presented in this work is based on fermentation by oleaginous microorganisms. It is a biological technology for converting hydrophobic substrates such as vegetable oils, volatile fatty acids and animal fat into higher value single cell oils enriched in unsaturated fatty acids. Certain yeasts and fungi known as oleaginous and have the ability to accumulate from 20% up to 85% (w/w) lipids as storage compound of the biomass (6) . In addition, some oleaginous microorganisms are able to perform simultaneous production of lipids and carotenoids (8, 15, 17, 18) . The oleaginous fungi accumulate lipids primarily as triacylglycerols (TAGs), which are generally considered as storage lipids. Fatty acids of TAGs are very similar to fatty acids in plant oils, where saturated and mono-unsaturated fatty acids dominate, and some ω6-PUFAs are present (5) .
Fungi and yeasts can degrade a wide range of rest materials, while producing a wide range of valuable metabolites (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) . In recent pilot study was shown that oleaginous fungi from phylum Zygomycetes can convert the saturated fatty acids containing triacylglycerols (SAT-TAGs) into polyunsaturated fatty acids containing triacylglycerols (PUFA-TAGs). After five days of fungal fermentation was observed that animal fat containing 46.3% of saturated fat (SAT), 40.3% of monounsaturated fat (MUFA) and 6.5% of polyunsaturated fat (PUFA) was transformed into fungal single cell oil where SAT was reduced to 33.5%, MUFA was reduced to 30.8% and PUFA was increased to 28%, where AA was 11.2%, DHA was 1% and EPA was 0.5% (7, 8) . Similar resuts can be expected also in red yeasts analysed in this work. Composition of fatty acid in these strains is as follows: saturated FA 20-47%, unsaturated FA 53-81% (some of them are able to produce more than 25% of ALA) (19) .
In this work two strategies for upgrading of animal fat by red yeasts were tested: (i) direct upgrading, when animal fat is utilized by microorganisms in submerged fermentation and (ii) indirect upgrading, when fat is first hydrolysed and then different hydrolysis fractions are used for fermentation. The choice of the strategy depends on the type of microorganism to be used for the fermentation and fat preparation. The targeted fatty acid profile, conversion rate and biomass yield depend on the fungal strain (14) . Therefore, there is a need to discover best fat upgrading strategies which are the most sustainable with respect to biomass production, lipid accumulation, and fat conversion rate.
For these purposes, a screening study was performed to select the most appropriate yeast strain(s) for upgrading of fat. Various microorganisms are capable of utilizing different hydrophobic materials (15) (16) (17) (18) . In order to use saturated triacylglycerols derived from animal fat as substrate, the types of yeasts and fungi used to upgrade them should carry out lipase-catalysed ester hydrolysis (15, 16) . Thus, a selection of appropriate strains, which are able to simultaneously produce lipases for ester hydrolysis and to transform and accumulate single cell oils, need to be identified. In this work induction of lipase production was confirmed in most of red yeast strains grown on crude fat substrate. This enzyme is produced extracellularly, could be better characterized and used for fat processing.
Selecting a suitable fermentation strategy and up-scaling of Statistical significance of different production of pigmens and lipids was approved via twoway ANOVA test at a probability level of p˂0.05. fermentation is further problem. Submerged fermentation is very well developed for yeasts as well as for fungi, nevertheless, more research and development is needed in order to understand which strategy to choose in order to develop economically and environmentally sustainable fermentation processes (7, 15) . Regarding the cultivation conditions, yeast cells used in present work have some advantages, such as high production of biomass during relatively short time, ability to utilize waste substrates, activation of stress response mechanisms leading to overproduction of special and rare metabolites, submerged cultivation and simple manipulation.
Conclusions
The present work gives the basis to development innovative technology for upgrading of bio-based rest material, namely animal slaughter fat by-products by fungal fermentation processes. It will develop technology for conversion of animal fat materials into high-value lipids and carotenoids-rich fungal biomass for animal feed. It can be concluded that red yeasts are able to utilize crude animal fat and products of its hydrolysis. As adaptation mechanism, strain specific extracellular lipase production was observed. Specific strain response to fat and fat hydrolysate was confirmed, which could be related to different utilization of glycerol compared with glucose and strain specific stress response. Hydrolysis of crude fat can be realized in acid and alkaline conditions. For biotechnological purposes, acid hydrolysis follwed by neutralization using ammonium sulphate and extraction of fatty acids (could be used partially as detergent) could be recommended.
Valorization of animal fat by red yeasts can lead to production of unsaturated fatty acids and single cell oils, carotenoid pigments, ubiquinone and enriched cell biomass. This biomass contains substantially better ratio of SFA/PUFA than animal fat and can be used for feeding purposes.
